Abbreviations {#nomen0010}
=============

MI

:   Myocardial Infarction

VPO1

:   Vascular peroxidase 1

MPO

:   Myeloperoxidase

siRNA

:   Small interference RNA

TGF-β1

:   Transforming growth factor-β1

HOCl

:   Hypochlorous acid

H~2~O~2~

:   Hydrogen peroxide

ICM

:   Ischemic cardiomyopathy

EF

:   Ejection fraction

FS

:   Fractional shortening

LVIDd

:   Left ventricular internal dimension at end-diastole

LVIDs

:   Left ventricular internal dimension at systole

Smad2/3

:   Mothers against decapentaplegic homolog 2/3

ERK1/2

:   Extracellular regulated protein kinases 1/2

α-SMA

:   Alpha smooth muscle actin

ECM

:   Extracellular matrix

PXDN

:   Peroxidasin

1. Introduction {#sec1}
===============

Myocardial infarction (MI) is characterized by high rates of morbidity and mortality \[[@bib1]\]. A large number of patients experience the adverse cardiac remodeling process following MI \[[@bib2]\]. Cardiac fibrosis is an important pathological process contributing to the pathogenesis of cardiac remodeling after MI, which is a transition from an early inflammatory phase to fibrotic granulation and maturation stage of cardiac remodeling \[[@bib3]\].

Myeloperoxidase (MPO), released by activated neutrophils and monocytes, is a well-studied member of the peroxidase family \[[@bib4]\]. MPO deficient (MPO^−^/^-^) mice have improved cardiac function and decreased risk of ventricular arrhythmias as well as ventricular fibrosis following MI \[[@bib5]\]. The effects of MPO are attributed to its regulation of cardiac fibroblasts differentiation. It has been previously reported that MPO plasma levels are increased 3--5 days after MI before subsequently declining \[[@bib5]\]. Therefore, although MPO derived from neutrophils and monocytes has been verified to impair normal cardiac function after MI, it primarily participates in the inflammatory phase of cardiac fibrosis and may have a minimal effect on fibrotic granulation and the maturation of cardiac fibrosis.

Peroxidasin (PXDN), a newly identified heme-containing peroxidase, has been renamed vascular peroxidase1 (VPO1) as it is primarily expressed in the cardiovascular system \[[@bib6]\]. Recent reports suggest that VPO1 plays a critical signaling role in mediating the development and progression of cardiovascular disease \[[@bib7], [@bib8], [@bib9]\]. Specifically, VPO1 promotes extracellular matrix (ECM) formation in fibrotic kidney and collagen IV crosslinking by catalyzing the formation of sulfilimine chemical bonds \[[@bib10],[@bib11]\]. We previously reported that VPO1 aggravates myocardial injury in an ischemic reperfusion mouse model by activating the JNK/p38 MAPK pathway \[[@bib12]\]. Based on previous study that VPO1 is related to fibrosis and myocardial ischemia, we hypothesized that VPO1 may regulate the formation of granulation and maturation stages of cardiac fibrosis after MI.

Here, we investigated for the first time, the functional effects of VPO1 on cardiac fibrosis after MI. Using a combination of in vivo and in vitro studies, we studied the mechanistic role of VPO1 in cardiac fibroblasts differentiation, migration, collagen I synthesis and proliferation. Moreover, our findings suggest that inhibition of VPO1 in vivo may represent a potential therapeutic strategy against cardiac fibrosis after MI.

2. Methods {#sec2}
==========

Refer to the supplement methods for supplementary material.

2.1. Human studies {#sec2.1}
------------------

This study of human heart specimens followed the ethical guidelines of Central South University. Failing hearts were obtained from five patients with ischemic cardiomyopathy (ICM) who underwent heart transplantation. Normal hearts were obtained from five healthy donors who were declared brain dead.

2.2. Animal studies and mouse model of MI {#sec2.2}
-----------------------------------------

All animal experiments were approved by the institutional Animal Care and Use Committee regulations at Central South University. Male C57BL/6J wild-type (WT) mice ranging from 6 to 8 weeks in age were used for this study. MI was induced in mice as previously described \[[@bib13]\]. Briefly, mice were anesthetized by intraperitoneal injection of pentobarbital sodium (60 mg/kg). Then, MI was induced by permanent ligation of the left coronary artery with a 8-0 suture, while the sham mice underwent the same procedure without ligation. Subsequently, mice were sacrificed at 7 days, 14 days or 28 days after MI.

2.3. Histology and immunochemistry {#sec2.3}
----------------------------------

Human and mouse heart tissues were fixed overnight in 4% paraformaldehyde. Samples were embedded in paraffin wax and sliced into 4 μm sections. Masson trichrome stain (Sigma-Aldrich, USA) was used according to the manufacture\'s protocol. Infarct size, expressed as a percentage, was calculated by dividing the sum of infarct areas from all sections by the sum of LV areas from all sections (including those without infarct scar) and multiplying by 100 \[[@bib14]\]. Infarct expansion index was calculated using the following formula: expansion index = (LV cavity area/total heart area) × (uninfarcted septal thickness/infarcted LV free wall thickness) \[[@bib15]\]. Rabbit anti-VPO1 (1:200; ABS1675, Millipore, USA), anti-3-chlorotyrosine (1:100; HP5002, Hycult Biotech, Netherlands), anti-collagen I (1:200; ab3471, Abcam, UK), anti-ki67 (1:200, ab16667, Abcam, UK), and mouse anti-α-SMA antibody (1:200; ab7817, Abcam, UK) were used as primary antibodies for immunochemical staining, followed by secondary antibodies (1:100; ZSGB-BIO, China) and DAB reagents. Quantification of fibrosis, VPO1, α-SMA and collagen I in heart tissues was determined by Imag-Pro-Plus 6.0 software.

2.4. Immunofluorescence staining {#sec2.4}
--------------------------------

Frozen heart sections (8 μm) were incubated with primary antibody against α--SMA (1:200, Abcam, UK) and VPO1 (1:200; Millipore, USA) overnight at 4 °C. Subsequently, secondary antibodies were incubated at room temperature for an hour. Nuclei were stained with DAPI (1:1000; Sigma-Aldrich, USA).

2.5. Isolation and culture of primary mice cardiac fibroblasts {#sec2.5}
--------------------------------------------------------------

Cardiac fibroblasts were isolated from one to three-day-old C57BL/6 mice as described previously \[[@bib13]\]. Left ventricles were finely cut into pieces and digested with trypsin/EDTA (Gibco, USA) and collagenase II (Sigma-Aldrich, USA) at 37 °C. Cells suspensions were centrifuged, re-suspended and plated for 2 h. Adherent cells were cardiac fibroblasts that positively expressed vimentin. Cardiac fibroblasts were cultured with a supplemented DMEM solution, containing 15% fetal bovine serum, 100 U/ml penicillin, 100 μg/ml streptomycin and incubated at 37 °C in humidified chamber. Passages 1--3 were used for our experiments.

2.6. Western blot {#sec2.6}
-----------------

Lysates of cultured cardiac fibroblasts and tissues lysates of infarcted hearts were extracted using a lysis buffer (Beyotime, Shanghai, China) with a protease inhibitor cocktail (Roche, Germany). Protein blotting was performed with a modified standard protocol using primary antibodies to VPO1 (1:1000, ABS1675, Millipore, USA), α-SMA (1:1000; ab7817, Abcam, UK), collagen I (1:1000; ab3471, Abcam, UK), smad2/3 (\#8685), P-smad2/3 (\#9510), ERK1/2 (\#4695), P-ERK1/2 (\#4370) (1:1000; Cell Signaling Technology, USA), 3-chlorotyrosine (1:500; HP5002, Hycult Biotech, Netherlands), GAPDH (1:5000, G8795, Sigma-Aldrich, USA) overnight at 4 °C. PVDF membranes were incubated with HRP\--conjugated secondary antibodies and bands were visualized by a gel documentation system (Bio-Rad, USA).

2.7. Statistical analysis {#sec2.7}
-------------------------

Data were presented as the mean ± SEM. N indicates the number of independent experiments performed at different cell passages, the number of mice, or human patients examined. For statistical comparisons, we evaluated whether the data were normally distributed using Kolmogorov-Smirnov test. T-test or ANOVA test was used in data with normal distribution; otherwise, non-parametric test was used. Statistical significance of differences between groups was measured using unpaired Student\'s *t*-test. Differences among ≥3 groups were compared using one-way ANOVA with Tukey Kramer test. Kaplan-Meier survival curves were analyzed using the log-rank test. Statistical analysis was performed using Graph Prism 6 or SPSS version. 22.

3. Results {#sec3}
==========

3.1. VPO1 expression is upregulated in fibrotic human heart {#sec3.1}
-----------------------------------------------------------

To investigate a potential role of VPO1 in cardiac fibrosis, VPO1 protein expression was compared between normal hearts and failing hearts. The clinical information and echocardiography parameters for ICM patients and healthy donors are presented in [Supplementary Table 1](#appsec1){ref-type="sec"}. Immunochemistry indicated that VPO1 was significantly increased in failing human hearts compared to the normal hearts ([Fig. 1](#fig1){ref-type="fig"}A left panel). However, MPO, another important member of the peroxidase family, was not significant elevated in failing human hearts ([Fig. 1](#fig1){ref-type="fig"}A middle panel). 3-chlorotyrosine (3-Cl Tyr) is recognized as a specific marker of VPO1 and MPO-generated HOCl that has reacted with tyrosine residues \[[@bib16]\]. Our results showed that the failing human hearts exhibited increased 3-Cl Tyr levels consistent with the elevated levels of VPO1 expression ([Fig. 1](#fig1){ref-type="fig"}A right panel).Fig. 1**VPO1 expression is upregulated in fibrotic human heart.** (A) Representative images of immunochemical staining and quantification of VPO1, MPO, 3-Cl Tyr in human heart tissues obtained from control subjects and patients with ischemic cardiomyopathy (ICM).Scale bar: 20 μm (B) Representative images of immunochemical staining and quantification of fibrotic area, Collagen I and α-SMA in human heart tissues obtained from control subjects and patients with ICM. Scale bar: 20 μm. (C) Immunofluorescence images labeling VPO1 (red), α-SMA (green) and DAPI (blue) in the left ventricular section of normal and failing hearts with ICM. Scale bar: 50 μm (D) Immunofluorescence images labeling VPO1 (red), Collagen I (green) and DAPI (blue) in the left ventricular section of normal and failing hearts with ICM. Scale bar: 50 μm. In A and B, Quantitative analysis of protein levels indicated by positive staining area/total area was determined by image pro plus. Data are presented as mean ± SEM. n = 5, \**P* \< 0.05, \*\**P* \< 0.01. NS: no significance. (Student\'s t-test). The difference of fibrotic area was measured by using unpaired test. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)Fig. 1

In failing hearts, up-regulation of VPO1 and 3-Cl Tyr expression was accompanied by severe fibrosis. Of note, the left ventricle of failing human hearts tissues had an abundance of collagen evident by the heavy Masson trichrome staining ([Fig. 1](#fig1){ref-type="fig"}B left panel). Collagen I accounts for approximately 80% of total collagen in the myocardial interstitium and is crucial to maintain structure and integrity of heart \[[@bib17]\]. In our study, the expression of collagen I in the failing heart was significantly upregulated compared with the normal heart ([Fig. 1](#fig1){ref-type="fig"}B middle panel). α-SMA, a marker of differentiation of fibroblast into myofibroblast, was also elevated in the failing human heart tissues ([Fig. 1](#fig1){ref-type="fig"}B right panel). Furthermore, α-SMA was co-stained with vimentin as shown in [Fig. S1](#appsec1){ref-type="sec"}, which suggested that α-SMA was expressed in vimentin-positive cardiac fibroblasts. Additionally, immunofluorescence results revealed that elevated expression of VPO1 and α-SMA or Collagen I were co-localized in fibrotic areas of the failing heart ([Fig. 1](#fig1){ref-type="fig"}C&D). Collectively, these results indicate a strong correlation between VPO1 expression and cardiac fibrosis in the failing human heart with ICM.

3.2. VPO1 expression is upregulated during cardiac fibrosis after MI {#sec3.2}
--------------------------------------------------------------------

To characterize the potential mechanistic link between VPO1 and cardiac fibrosis following cardiac injury in vivo, a murine model of MI was applied. Masson trichrome staining showed a significant increase in fibrosis with the extended period of MI ([Fig. 2](#fig2){ref-type="fig"}A). Consistent with our results in the failing human heart tissues, immunofluorescence staining revealed upregulation of VPO1 expression and co-localization of VPO1 and α-SMA in the fibrotic area of mice with MI ([Fig. 2](#fig2){ref-type="fig"}A). As evident by the western blot, VPO1 expression was gradually increased in parallel with the up-regulation of α-SMA and collagen I at 14 days and 28 days after MI as shown by western blot ([Fig. 2](#fig2){ref-type="fig"}B). To identify the specific cell type that expressed VPO1, we performed immunofluorescence staining in the fibrotic murine heart. VPO1 expressed in vimentin-positive fibroblasts was higher than that in CD31-positive endothelial cells, cTnI-positive cardiomyocytes, and α-SMA-positive vascular smooth muscle cells in the fibrotic area of infarcted heart after 28 days of ischemia ([Fig. S2](#appsec1){ref-type="sec"}). Interestingly, MPO expression was increased \> 2-fold after 7 days of MI compared with the sham group, but 28 days after MI was similar to the sham mice as measured by western blot and immunofluorescence staining ([Fig. 2](#fig2){ref-type="fig"}A&B). Consistent with the increase in VPO1 expression, the 3-Cl Tyr expression level was significantly increased after 7 days and 14 days of MI, and slightly decreased but remained significantly elevated after 28 days of MI compared with the sham group ([Fig. 2](#fig2){ref-type="fig"}C, upper). These findings suggest that VPO1 may play a more central role in the fibrotic phase of cardiac fibrosis after MI than MPO.Fig. 2**VPO1 expression is upregulated during cardiac fibrosis after myocardial infarction (MI).** (A) Representative images of masson trichrome staining and immunofluorescence staining of MPO (red), VPO1(red), α-SMA (green) and DAPI (blue) in the infarct zone of mouse hearts in sham group and 7 days, 14 days, 28days after MI. Scale bar, 50 μm. (B) Levels of VPO1, MPO, α-SMA and Collagen I in the sham and MI mouse hearts as determined by western blot and quantified by Image Lab software. n = 6. (C) Immunochemical staining of Ki67 (a proliferation marker) and 3-Cl Tyr in sham and post MI at 7 days, 14 days, 28 days. Quantification of Ki67 positive cells and 3-Cl Tyr staining level in sham and subjected MI mouse. n = 6. Scale bar: 50 μm (upper), 20 μm (bottom). Data are presented as mean ± SEM. In B, Student\'s *t*-test in comparison with Sham group. \**P* \< 0.05 vs Sham, \*\**P* \< 0.01 vs Sham, NS: no significance vs Sham. In C, One-way ANOVA test was used. \**P* \< 0.05, \*\**P* \< 0.01. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)Fig. 2

Proliferation of cardiac fibroblasts is another vital mechanism of cardiac fibrosis \[[@bib18]\]. In this study, we found that ki67 (a marker of proliferation) positive cells were gradually increased in the fibrotic area following MI ([Fig. 2](#fig2){ref-type="fig"}C, bottom). Taken together, these results indicate that VPO1 mediates the development of cardiac fibrosis by regulating cardiac fibroblasts differentiation, collagen I synthesis and proliferation.

3.3. Knockdown of VPO1 attenuates cardiac fibrosis and improves cardiac function in vivo {#sec3.3}
----------------------------------------------------------------------------------------

To further illuminate the important role of VPO1 in cardiac fibrosis and function, VPO1 small interfering RNA (si-VPO1) was used to achieve inhibition of VPO1 expression in mice prior to MI. Mice received a tail vein injection of either si-VPO1 or negative control small interfering RNA (si-NC). After initial small interfering RNA (siRNA) injection three times a week, mice underwent permanent left artery ligation, and subsequently injected with additional siRNA three times per week until sacrificed at 28 days after experimental MI ([Fig. 3](#fig3){ref-type="fig"}A). The efficiency of VPO1 knockdown was assessed by western blot. We found that VPO1 expression was significantly inhibited by si-VPO1 injection ([Fig. 3](#fig3){ref-type="fig"}B). Moreover, we detected VPO1 expression in different tissues. VPO1 was highly expressed in heart and lung, and significantly inhibited by injection with si-VPO1 after 7 days, 14 days and 28 days ([Fig. S3](#appsec1){ref-type="sec"}). Mice treated with si-VPO1 had an increased survival proportion (14/19, 73.6%) compared to the si-NC treated mice (13/24, 54.2%) ([Fig. 3](#fig3){ref-type="fig"}C). To evaluate the critical role of VPO1 in cardiac function, echocardiography was performed. Depletion of VPO1 significantly improved cardiac function compared to si-NC-injected mice 28 days following MI. As shown in [Fig. 3](#fig3){ref-type="fig"}D--H, left ventricular ejection fraction (EF), fraction shortening (FS) were upregulated, while left ventricular internal dimension at end-diastole (LVIDd) and left ventricular internal dimension at systole (LVIDs) were downregulated compared to the si-NC-injected mice after 28 days of MI ([Supplementary Table 2](#appsec1){ref-type="sec"}). While no difference in cardiac function between si-NC sham and si-VPO1 sham group was observed ([Fig. 3](#fig3){ref-type="fig"}D--H).Fig. 3**Knockdown of VPO1 attenuates cardiac fibrosis and improves cardiac function in vivo.** (A) Experimental procedure for injecting mice with siRNA. (B) The efficiency of VPO1 knockdown by siRNA was assessed by western blot and quantified with Image Lab software. n = 6 per group. (C) Kaplan-Meier survival curves of mice injected with si-NC and si-VPO1 28days after MI. (D) Representative M-mode images of sham and MI mice injected with si-NC and si-VPO1. (E--H) Ejection traction (EF), fractional shortening (FS), left ventricular internal dimension at end-diastole (LVIDd) and left ventricular internal dimension at systole (LVIDs) were analyzed by echocardiography. n = 7 in sham group, n = 8 in MI group. (I) Representative images of Masson trichrome at various magnifications. n = 6. Upper scale bar:1 mm, bottom scale bar: 100 μm. Quantification of the total fibrotic area using Image Pro Plus. (J) Quantification of infarct area size (infarct area/total area) of left ventricle. (K) Quantification of infarct expansion index ((LV cavity area/total heart area) ✖ (uninfarcted septal thickness/infarcted LV free wall thickness)). n = 6. Data are presented as mean ± SEM. In B, Student\'s *t*-test in comparison with si-NC group. In C, the difference between the two groups was tested by the Log-Rank test. In E-H, One-way ANOVA test was used to detect the difference. In I, J and K, Student\'s *t*-test in comparison with si-NC MI group. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001.Fig. 3

Although infarct area of left ventricular was not different between the si-NC MI group and the si-VPO1 MI group ([Fig. 3](#fig3){ref-type="fig"}J), the si-VPO1 MI group showed less overall collagen deposition than the si-NC MI group, as demonstrated by Masson trichrome staining ([Fig. 3](#fig3){ref-type="fig"}I). As shown in [Fig. 3](#fig3){ref-type="fig"}K, we found that the infarct expansion index was significantly reduced with injection of si-VPO1 compared with the si-NC MI group. These findings suggest that knockdown of VPO1 ameliorates cardiac fibrosis and cardiac dysfunction induced by MI and thus improves the survival rate post-MI.

3.4. VPO1 induces cardiac fibroblasts differentiation and proliferation in vivo {#sec3.4}
-------------------------------------------------------------------------------

The differentiation of fibroblasts into myofibroblasts is a critical process in the development and progression of cardiac fibrosis \[[@bib19]\]. To determine whether VPO1 is necessary for cardiac fibroblasts differentiation, markers of differentiation were analyzed in mice with VPO1 knockdown after MI. VPO1 and α-SMA expression of heart tissues was upregulated in si-NC treated mice 28 days after MI compared to the sham group. However, the induction of VPO1 and α-SMA by MI was blocked by treatment with si-VPO1 ([Fig. 4](#fig4){ref-type="fig"}A). Myofibroblasts are the major source of collagen during pathological matrix remodeling \[[@bib20]\]. As expected, we observed that collagen I and matrix metalloproteinase 9 (MMP9) were elevated after 28 days after MI. And si-VPO1 succeeded to inhibit the collagen I synthesis and MMP9 expression ([Fig. 4](#fig4){ref-type="fig"}A, [Fig. S4A](#appsec1){ref-type="sec"}).Fig. 4**VPO1 induces cardiac fibroblasts differentiation and proliferation in vivo.** (A) VPO1, α-SMA and Collagen I protein levels in heart tissues of mice injected with siRNA were assessed by western blot and quantified by Image Lab. n = 6. (B). Representative images of immunostaining of Ki67 staining in mouse hearts subjected to MI and injected with si-NC and si-VPO1. Quantification of Ki67 positive cells in each group. n = 6. Data are presented as mean ± SEM. One-way ANOVA test was used for A-B. \**P* \< 0.05, \*\**P* \< 0.01.Fig. 4

Proliferation of cardiac fibroblasts is required for the pathogenesis of cardiac fibrosis. A significant increase in ki67 positive cells was observed in si-NC mice hearts following MI. The induction of ki67 positive cells by MI was attenuated in mice treated with si-VPO1 ([Fig. 4](#fig4){ref-type="fig"}B). Collectively, our results suggest that VPO1 may play an important role in the differentiation and proliferation of cardiac fibroblast in vivo.

3.5. VPO1 regulates cardiac fibroblasts differentiation, migration and collagen I synthesis {#sec3.5}
-------------------------------------------------------------------------------------------

Cardiac fibroblasts were positive for vimentin and harvested from one to three-day-old C57BL/6 mice ([Fig. S5A](#appsec1){ref-type="sec"}). Numerous studies suggest that transforming growth factor-β1 (TGF-β1) is the most important cytokine for cardiac fibroblast differentiation \[[@bib21],[@bib22]\]. In this study, by immunochemistry and western blot, TGF-β1 levels were increased in MI-induced mice and remained significantly elevated at 28 days after MI ([Figs. S6A--C](#appsec1){ref-type="sec"}). Therefore, in the present study, TGF-β1 was used to study the role of VPO1 in fibrosis in vitro. TGF-β1 up-regulated VPO1 protein expression in both a concentration- and time-dependent manner, which peaked at 24 h and 10 ng/ml of stimulation ([Figs. S7A--D](#appsec1){ref-type="sec"}). Additionally, we observed a similar induction in α-SMA and collagen I expression.

We next sought to determine whether VPO1 is a key regulator of the fibrotic response of cardiac fibroblasts in response to TGF-β1. Cultured primary cardiac fibroblasts were transfected with si-VPO1 and the efficiency of knockdown was confirmed by western blot ([Fig. 5](#fig5){ref-type="fig"}A). We examined the effects of VPO1 knockdown on cardiac fibroblasts differentiation, migration, collagen I synthesis. Western blot and immunofluorescence staining revealed that TGF-β1 induced α-SMA expression in cultured cardiac fibroblasts and this effect was attenuated by VPO1 depletion ([Fig. 5](#fig5){ref-type="fig"}A&B). Myofibroblasts are the primary source of collagen during pathological fibrotic response. Our data revealed that VPO1 knockdown not only inhibited cardiac fibroblasts differentiation, but also reduced collagen I synthesis. Next, we assessed cell migration using a wound healing assay. Cardiac fibroblasts transfected with si-NC migrated into the wound upon TGF\--β1 stimulation whereas cells with VPO1 depletion migrated significantly less ([Fig. 5](#fig5){ref-type="fig"}C). Thus, together these data suggested that VPO1 contributes to cardiac fibroblasts differentiation, migration and collagen I synthesis.Fig. 5**VPO1 regulates cardiac fibroblasts differentiation, migration and collagen I synthesis.** (A) Protein levels of VPO1, α-SMA and Collagen I in cultured cardiac fibroblasts transfected with si-NC or si-VPO1 were measured by western blot and quantified by immunoblots. n = 4. (B) Immunofluorescence staining and quantification of VPO1 (red), α-SMA (green) and DAPI (blue) in cultured cardiac fibroblasts transfected with si-NC, si-VPO1 treated with or without TGF-β1 for 24 h. Scale bar: 50 μm n = 4. (C) Representative images of scratch assay of cardiac fibroblasts transfected with si-NC or si-VPO1 and treated with or without TGF-β1 for 24 h and statistical analysis of the migratory distance (μm) after 24 h. n = 4. Scale bar:100 μm. (D--E) Western blot and quantification of the phosphorylation of Smad2/3 in MI mice injected with si-NC and si-VPO1(D), or (E) cultured cardiac fibroblasts transfected with siRNA and incubated with or without TGF-β1. n = 6. Data are presented as mean ± SEM. One-way ANOVA test was used for A-E. \**P* \< 0.05, \*\**P* \< 0.01. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)Fig. 5

Several studies suggested that activation of the TGF-β1/Smad2/3 pathway is essential for cardiac fibroblasts differentiation, migration, wound contraction and deposition of extracellular matrix proteins during the formation of pathological cardiac fibrosis \[[@bib23], [@bib24], [@bib25]\]. Therefore, we investigated the effects of VPO1 on the TGF-β1/Smad2/3 pathway in our murine MI model. Western blot revealed that the phosphorylation levels of Smad2/3 was increased significantly in the hearts of si-NC group with MI and that VPO1 knockdown blocked this increase in phosphorylation ([Fig. 5](#fig5){ref-type="fig"}D). In vitro experiments further support the finding that VPO1 regulates phosphorylation of Smad2/3. As shown [Fig. 5](#fig5){ref-type="fig"}E, si-VPO1 alleviated TGF-β1-induced phosphorylation of Smad2/3 in cultured cardiac fibroblasts.

3.6. VPO1 mediates cardiac fibroblasts proliferation {#sec3.6}
----------------------------------------------------

BrdU and CCK-8 were used to measure cardiac fibroblasts proliferation in vitro. Consistent with our findings in vivo, TGF-β1 stimulated cardiac fibroblasts proliferation and differentiation. Fibroblasts proliferation was significantly inhibited by si-VPO1. ([Fig. 6](#fig6){ref-type="fig"}A--B).Fig. 6**VPO1 mediates cardiac fibroblasts proliferation.** (A) Representative immunofluorescence images of BrdU (red), α-SMA (green) and DAPI (blue) staining in cultured cardiac fibroblasts transfected with siRNA and treated with or without TGF-β1. Scale bar: 50 μm. Quantification of BrdU positive and α-SMA staining cells. n = 4. (B) CCK-8 proliferation assay of primary cardiac fibroblasts transfected with siRNA and exposed to TGF-β1for 24 h n = 7. (C--E) Western blot and quantification of Smad2/3 phosphorylation in MI mice injected with si-NC and si-VPO1 (C), or cultured cardiac fibroblasts transfected with siRNA and incubated with or without TGF-β1 (D). n = 6. Data are presented as mean ± SEM. In A-D, one-way ANOVA test was used. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)Fig. 6

The TGF-β1/Smad2/3 pathway is believed to have an anti-proliferative effect on cardiac fibroblasts \[[@bib26]\]. Previous studies have reported that ERK1/2 plays an important signaling role in mediating cardiac fibroblasts proliferation \[[@bib25],[@bib27]\]. We have previous reported that HOCl promotes activation of ERK1/2 in various pathological process \[[@bib7],[@bib8]\]. In this study, ERK1/2 was activated following MI in the si-NC MI group and phosphorylation was blocked in mice of VPO1 knockdown ([Fig. 6](#fig6){ref-type="fig"}C). Consistent with our findings in vivo, cardiac fibroblasts that transfected with si-VPO1 and incubated with TGF-β1 exhibited reduced activation of ERK1/2 compared with si-NC ([Fig. 6](#fig6){ref-type="fig"}D).

3.7. VPO1-derived HOCl activates Smad2/3 to regulate cardiac fibroblasts differentiation, and collagen I synthesis and ERK1/2 to regulate cardiac fibroblasts proliferation {#sec3.7}
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------

We previously reported that VPO1 is predominantly expressed in cardiovascular tissues and is the main peroxidase responsible for HOCl production in the cardiovascular system \[[@bib6]\]. In this study, we assessed the effect of VPO1 knockdown expression on HOCl production in heart tissues. As shown [Fig. 7](#fig7){ref-type="fig"}A, western blot revealed that 3-Cl Tyr levels were increased in the si-NC with MI group compared to the si-VPO1 group. In cultured cardiac fibroblasts, we also found that VPO1 depletion significantly suppressed 3-Cl Tyr expression induced by TGF-β1 ([Fig. 7](#fig7){ref-type="fig"}B).Fig. 7**VPO1-derived HOCl activates Smad2/3 to regulate cardiac fibroblasts differentiation, and collagen I synthesis and ERK1/2 to regulate cardiac fibroblasts proliferation.** (A--B) 3-Cl Tyr levels in MI mice injected with si-NC and si-VPO1(A), or cultured cardiac fibroblasts transfected with siRNA and incubated with or without TGF-β1(B) were measured by western blot. (C) 1 × 10^(6)^ cardiac fibroblasts were seeded in 6 cm plates and incubated with HOCl (100 μmoL/L, diluted in PBS solution) for 2 h, and then changed to normal DMEM and incubated for 24 h before harvesting. α-SMA, Collagen I, Smad2/3 and ERK1/2 were measured by western blot and quantified by Image Lab. n = 4. (D) Cultured cardiac fibroblasts were stimulated with HOCl, then incubated with U0126 (10 μmoL/l). Proliferation was assessed by CCK-8 assay. n = 6. (E) Cultured cardiac fibroblasts were stimulated with HOCl, then incubated with SIS3 (10 μmoL/l). Cardiac fibroblasts were co-stained with α-SMA (red) and phalloidin (green). (F) The expression of α-SMA and collagen I was measured by western blot. n = 4. Data are presented as mean ± SEM. In C, Student\'s *t*-test was used in comparison with control group. In D and F, One-way ANOVA test was used. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)Fig. 7

To investigate the role of HOCl in the pathogenesis of cardiac fibrosis, 1 × 10^(6)^ cardiac fibroblasts were seeded in 6 cm plates and incubated with HOCl (100 μmoL/L, diluted in PBS solution) for 2 h, and then changed to normal DMEM and incubated for 24 h before harvesting. We found that HOCl treatment increased α-SMA and collagen I expression, the phosphorylation of Smad2/3 and ERK1/2, and cardiac fibroblast proliferation ([Fig. 7](#fig7){ref-type="fig"}C&D). Next, the cultured cardiac fibroblasts were infected with SIS3 (1 μmoL/L, a specific inhibitor of Smad3) or U0126 (10 μmoL/L, a specific inhibitor of ERK1/2). SIS3 inhibited the induction of α-SMA and collagen I expression by HOCl treatment ([Fig. 7](#fig7){ref-type="fig"}F). Additionally, U0126 reduced cardiac fibroblast proliferation induced by HOCl treatment ([Fig. 7](#fig7){ref-type="fig"}D). To further clarify the role of HOCl on cardiac fibroblast differentiation, cardiac fibroblasts were co-stained with α-SMA and stress-fibers (phalloidin). We found that HOCl treatment induced α-SMA expression incorporating with phalloidin, which could be inhibited by SIS3 ([Fig. 7](#fig7){ref-type="fig"}E). These results suggested that VPO1 regulates the pathogenesis of cardiac fibrosis through catalyzing the HOCl formation, which contributes to cardiac fibroblast differentiation via activation of Smad2/3 and cardiac fibroblast proliferation via activation of ERK1/2.

4. Discussion {#sec4}
=============

Cardiac fibrosis is the most crucial mechanism of the pathological cardiac remodeling following MI \[[@bib28], [@bib29], [@bib30]\]. The progress of cardiac fibrosis after MI is a cascade reaction, initiated by inflammatory infiltration (inflammatory phase at 3--5 day in mice), followed by a granulation and maturation stage in which cardiac fibroblasts differentiate, proliferate, migrate and deposit collagen over the subsequent days \[[@bib3],[@bib31]\]. MPO, an enzyme released by activated neutrophils and macrophages, is a well-studied member of peroxidase family \[[@bib32]\]. It has been reported that MPO generated HOCl regulates cardiac remodeling after MI \[[@bib33]\]. Likewise, VPO1, a newly discovered member of the peroxidase family, is highly expressed in cardiovascular system that also catalyzes the reaction of H~2~O~2~ with halide ions to produce HOCl \[[@bib6]\]. VPO1 has been verified to regulates kidney fibrosis \[[@bib11]\]. Using a mouse ischemia reperfusion model, our previous study showed that VPO1 induced cardiomyocyte apoptosis, while its inhibitor ameliorated this effect \[[@bib12]\]. Additionally, miR-29b, a protective factor against cardiac fibrosis, has been found to target VPO1 \[[@bib34],[@bib35]\]. Herein, we report that VPO1 expression was pathologically increased in fibrotic human hearts; contrarily, MPO expression did not increase. In a murine model of MI, VPO1 expression was increased gradually over the duration of ischemia and with the aggravation of cardiac fibrosis in the MI mouse model.

To study the role of VPO1 in cardiac fibrosis, VPO1 global knockdown mice were generated by tail vein injection of si-VPO1. Here, we observed that inhibition of VPO1 expression significantly attenuated the adverse cardiac fibrosis and improved cardiac function, resulting in significantly improved survival rates at 28 days after MI, suggesting that VPO1 could be identified as a key regulator of cardiac remodeling and fibrosis after MI. Short-term depletion of VPO1 attenuated cardiac fibrosis development following MI, implying that VPO1 may be a potential therapeutic target.

Previously, several groups have found that cardiac fibroblasts differentiation is the major pathological mechanism of cardiac fibrosis \[[@bib19],[@bib20],[@bib36]\]. In murine model of MI, VPO1 expression was significantly upregulated in the infarct zone, along with the elevation of α-SMA and collagen I expression. Notably, the inhibition of VPO1 expression suppressed cardiac fibroblasts differentiation and collagen I deposition. In addition, we report that VPO1 knockdown reduced differentiation and migration induced by TGF-β1 treatment in cardiac fibroblasts. It has been previously reported that TGF-β1/Smad2/3 signaling mediates cardiac fibroblasts differentiation in cardiac fibrosis after MI. Smad3-null mice and cardiac fibroblasts exhibited impaired differentiation, migration potential and collagen synthesis \[[@bib24],[@bib37],[@bib38]\]. In this study, VPO1 depletion attenuated the phosphorylation of Smad2/3 in MI model and cardiac fibroblasts treated with TGF-β1 respectively.

Of the various key fibrogenic pathways contributing to the progression of cardiac fibrosis, proliferation of cardiac fibroblasts is a primary mechanism \[[@bib39],[@bib40]\]. We found that fibrotic mouse hearts exhibited an increased number of Ki67-positive cells 28 days after MI. Remarkably, VPO1 depletion prevented the increase number of Ki67-positive cells in mouse model of cardiac fibrosis after MI. Consistent with our in vivo findings, VPO1 knockdown in cultured cardiac fibroblasts significantly inhibited the proliferation stimulated by TGF-β1. Smad3 has been found to have anti-proliferative effects on cardiac fibroblasts \[[@bib26]\]. TGFβ1 also signals through a non-canonical pathway, such as ERK1/2 and Akt \[[@bib27]\]. Studies have reported that ERK1/2 phosphorylation facilitates cardiac fibroblast proliferation in an angiotensin II-induced cardiac fibrosis mouse model, which is dependent on PKC and calcium \[[@bib41]\]. Here, ERK1/2 phosphorylation was upregulated in mouse model of cardiac fibrosis following MI. ERK1/2 phosphorylation was suppressed by the inhibition of VPO1 expression. Similarly, in vitro VPO1 knockdown also inhibited expression P-ERK1/2 in vitro.

MPO-generated HOCl produced by leukocytes increases left ventricular dilation and aggravates cardiac function following MI \[[@bib33]\]. MPO-deficient (MPO^−^/^-^) mice exhibited improved cardiac function following MI and decreased susceptibility to ventricular arrhythmias in the MI mouse model. Significantly, cardiac fibroblasts differentiation was inhibited in theses mice and as a result fibrotic tissue formation was attenuated \[[@bib6]\]. It has been verified, however, that MPO expression level peaked only at 5--7 days after MI, and subsequently dropped in the absence of an inflammatory reaction \[[@bib5]\]. Consistent with these reports, we observed that MPO expression was increased substantially at 7 days following MI and subsequently decreased to levels that similar to that of the sham group. Additionally, heart tissues from ICM patients exhibited no significant elevation of MPO expression. However, VPO1 expression was gradually upregulated over the duration of MI, especially 28 days after MI. Interestingly, 3-Cl Tyr level were significantly increased at 7 days after MI compared to the sham group, and remained elevated at 28 days after MI. The elevated level of 3-Cl Tyr may be due to the high level of VPO1 expression. The primary function of VPO1 entails the utilization of H~2~O~2~ to produce HOCl. As expected, VPO1 depletion reduced HOCl production in vivo and in vitro. Therefore, it is reasonable to speculate that VPO1, but not MPO, may be the primary regulator of the granulation and maturation stage of cardiac fibrosis. The effect of VPO1 on the granulation and maturation phases of cardiac fibrosis is mediated by HOCl formation. HOCl treatment significantly induced differentiation and proliferation in cardiac fibroblasts. Furthermore, Smad2/3 and ERK1/2 were also activated in cultured cardiac fibroblasts by HOCl treatment. Inhibitors of Smad2/3 and ERK1/2 significantly reversed the response of cardiac fibroblasts to HOCl treatment. Collectively, these results suggested that VPO1 mediates cardiac fibrosis after MI by regulating HOCl/Smad2/3 and HOCl/ERK1/2 signaling pathways.

Certainly, this study bears some limitations. Although we have investigated the role of VPO1 in cardiac fibrosis in vivo and in vitro, it would be more reliable if cardiac fibroblasts specific knockout and overexpression mice were used in our study. In addition, whether VPO1 could be a prognostic marker in MI patients remains unknown. Thus, the clinical value of VPO1 as a biomarker for cardiac fibrosis needs to be further studied.

5. Conclusions {#sec5}
==============

We propose VPO1 is a novel regulator of cardiac fibrosis following MI. Mechanistically, VPO1-mediated HOCl promotes fibrotic remodeling, including cardiac fibroblast differentiation, migration and proliferation through activation of Smad2/3 and ERK1/2. Therefore, targeting VPO1 may represent a potential therapeutic strategy for the prevention of cardiac fibrosis after MI.
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